5-fluorouracil (5-FU), a pyrimidine analog, has become a backbone in the therapy of gastric and colon cancer since its introduction in 1957. However, its clinically effective dosage is very close to its toxic dosage when given intravenously, resulting in strong toxicities to gastric and intestinal mucosa and bone marrow [1] [2] [3] . In addition, its plasma half-life is very short (15-20 min) and the drug is administered only as a continuous iv infusion [4] [5] [6] [7] . In order to overcome these disadvantages, attempts have been made to design and synthesize new 5-FU derivatives. In the 1980s, a new oral 5-FU derivative, N1-acetyl-N3-o-toluylfluorouracil (atofluding), was developed [8] . Studies have shown that atofluding can effectively treat many types of tumor with few side effects. Nevertheless, the acetyl group on the N1 position of atofluding is not stable and prone to decompose, impairing quality control for the preparation. The pharmacokinetics showed that atofluding, N3-o-toluylfluorouracil (TFU), rather than atofluding itself could be detected in the serum after oral administration. TFU is the decomposition products of atofluding that hydrolyze the acetyl group by fluorine on C5 position (Figure 1) . TFU is extracted and dissolved in acetone and water before its 
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Inhibition of human gastric carcinoma cell growth by atofluding derivative N3-o -toluyl-fluorouracil www.wjgnet.com determination by high-pressure liquid chromatography [8, 9] . The results also showed that steady-state concentrations of TFU can remain in the body for 30 h [8] . These results have led us to the conclusion that TFU is stable in the preparation. Encouraged by these observations, the antitumor activities of TFU were studied and the inhibition efficacy of TFU on the g rowth of human g astric carcinoma cells was evaluated in the present study in order to replace the unstable atofluding.
MATERIALS AND METHODS

Cell lines and cell culture
Human gastric carcinoma cell lines, SGC-7901 and MKN-45 were obtained from the Division of Cancer Tr e a t m e n t , N a t i o n a l C a n c e r I n s t i t u t e o f C h i n a (Beijing, China). Cells were maintained in RPMI-1640 supplemented with 10% (v/v) heat-inactivated fetal bovine serum, penicillin-streptomycin (100 IU/mL-100 µg/mL), 2 mmol/L glutamine, and 10 mM Hepes buffer at 37℃ in a humid atmosphere containing 50 mL/L CO2. Cells were fed every three to four days, and harvested by brief incubation in PBS containing 0.02% trypsin-EDTA.
Chemical
TFU was synthesized by acylation of 5-FU with 2 -m e t h y l b e n z o y l c h l o r i d e i n p y r i d i n e a t r o o m temperature as previously described [8, 9] and dissolved in dimethylsulfoxide (DMSO) for in vitro assay and in 5% amylum for in vivo study.
MTT assay
Cells (2-5 × 10 4 per well) seeded in 96-well plates (Corning Costar Corporation, Cambridge, MA, USA) for 12 h were treated with different doses of TFU for the required time period. The medium was then removed and the wells were washed with PBS. Cell viability was assessed by adding 20 µL of MTT [3-(4, 5-dimethylthiazol-2-yl)-2], 5 mg/ mL 5-diphenyltetrazolium bromide (Sigma, USA) for 4 h [10] . Light absorbance of the solution was measured at 540 nm on the plate reader (TECAN, Grodig, Salzburg, Austria). The growth of experimental and control cells was compared. Experiments were performed in triplicate.
Liver microsomal enzymes and preparation SD male rats (150 ± 10 g) from the animal breeding house were treated with intra-peritoneal injections of phenobarbital (80 mg/kg body weight) daily for three consecutive days in 0.5 mL of peanut oil. The animals were sacrificed 24 h after the last injection. Livers were removed, washed with chilled 0.1 mol/L phosphate buffer (pH 7.4) and homogenized. Liver microsomal enzymes were prepared as described by Rastogi S et al [11] . The microsomal enzymes were resuspended in 0.1 mol/L phosphate buffer (pH 7.4) containing 10 mmol/L dithiothrietol, 10 mmol/L EDTA and 20% glycerol. Ten mL of the mixture of enzymes containing 1 mL of microsomes and 31.4 mg of nicotinamide adenine dinucleotide phosphate (NADPH; Merck, Darmstadt, Germany) was used [12] . The enzyme mixture (2 μL) was applied to each well of the 96-well plates after cells were seeded and TFU was added. Cell growth inhibition was measured as above.
Clonogenic assay
Cells (250 to 300 per well) grown in 6-well plates (Falcon, Becton Dickinson, Franklin lakes, New Jersey, USA) for 12 h were treated with different doses of TFU at 37℃. After two weeks, colonies (greater than 50 cells) were stained with crystal violet and counted as previously described [10, 13] .
In vivo inhibition of tumor growth
The in vivo efficacy of TFU was assessed in nude mice bearing tumors. Balb/c athymic (nu+/nu+) female mice, 4-6 wk of age, were purchased from the Experimental Animal Laborator y, Chinese Academy of Medical Sciences (Beijing, China). The research protocol was approved in accordance with the institutional guidelines of the Animal Care and Use Committee at Shandong University. Animals were housed under pathogen-free conditions. Cells (1 × 10 7 ) were suspended in 100 µL of Matrigel (Collaborative Biomedical, Bedford, MA, USA) and injected subcutaneously into the right anterior flank of nude mice. After seven days, when tumor volume reached approximately 0.1-0.2 cm 3 , the mice were divided into different groups (n = 8) and orally administered 0, 25, 50, 100 mg/kg of TFU in 0.5 mL of 5% amylum [14] . Administrations were performed six days per week for three consecutive weeks. Tumor growth inhibition rates were defined as a ratio to the control tumor weight.
Statistical analysis
Statistical significance was determined by the Student' s two-tailed t-test. The Kruskal-Wallis test was used to detect the percent of cell growth inhibition. P < 0.05 was considered statistically significant. Statistical analysis was performed with SPSS/Win11.0 software (SPSS, Chicago, IL, USA). Gastric carcinoma cells were treated with TFU (0.1, 1, 10, 100, 1000 μg/mL) for up to 120 h and the viable cells were evaluated as described in MATERIALS and METHODS. As shown in Figure 2A , TFU showed its antiproliferative effects on SGC-7901 cells in a dose-and timedependent manner. Significant differences were seen across the doses tested (Kruskal-wallis H = 18.870, P = 0.042). The growth inhibitory effects of TFU were significantly increased from 24 to 120 h of incubation (Kruskal-wallis H = 18.870, P = 0.042). However, the inhibitory effects of TFU on cell growth were not high. Cells cultured with 10 µg/mL of TFU achieved only 11.09% of growth inhibition at 24 h, 15.69% at 48 h, 22.24% at 72 h, 28.93% at 96 h and 36.86% at 120 h. The maximum inhibition rate was 42.51% at the concentration of 1000 µg/mL after 120 h treatment. MKN-45 cells expressed similar results ( Figure 2B ).
RESULTS
Growth inhibitory effects of TFU
Enhancement of growth inhibition on human gastric carcinoma cells by liver microsomal enzymes
T he inhibitor y effects of TFU on human g astric carcinoma cells were then examined in the presence of liver microsomal enzymes. The inhibition rates were significantly increased at all concentrations (0.1, 1, 10, 100, 1000 µg/mL) and treatment time points (24 to 120 h), being 4.73%-48.57% in SGC-7901 cells and 9.0%-62.02% in MKN-45 cells ( Table 1 ). The growth inhibition was increased in a dose-and time-dependent manner (data not shown).
We also used a clonogenic assay to further test the sensitivity of SGC-7901 and MKN-45 cells to TFU over a relatively long culture period (two weeks). The antiproliferative effect of TFU on clone formation was significantly increased in the presence of liver microsomal enzymes across the concentrations (P < 0.01, data not shown).
Inhibitory effects of TFU in vivo
The effects of TFU on gastric carcinoma cell xenografts in nude mice were then examined. As shown in Table 2 , TFU delayed the growth of SGC-7901 and MKN-45 cells after three weeks of treatment with 25, 50, and 100 mg/kg (P < 0.01). TFU treatment inhibited tumor growth in a dosedependent manner. This inhibitory effect on the xenograft was more pronounced in MKN-45 cells than in SGC-7901 cells. Except for the 100 mg/kg group, TFU treatment was generally well tolerated by mice with less than 20% reduction in body weight (P > 0.05).
DISCUSSION
In this report, we evaluated the efficacy of TFU, the prodrug of 5-FU, on growth inhibition of human gastric carcinoma cells. The results showed that TFU had antiproliferative effects on SGC-7901 and MKN-45 cell growth. The inhibition rates were increased significantly in the presence of liver microsomal enzymes.
Structurally, the difference between atofluding and TFU is that the former has an acetyl group on its N1 position. Nevertheless, the acetyl group is prone to be hydrolyzed into TFU rapidly by fluorine on the C5 position, impairing quality control for the preparation. On the other hand, TFU is very stable in vitro and in vivo [8, 9, 15] .
Table 1 Enhancement of TFU induces growth inhibition of SGC-7901 and NKM-45 cells in the presence of liver microsomal enzymes
Enhancement was calculated using the inhibition rate in the presence of microsomal enzymes minus the inhibition rate in the absence of enzymes at the same concentration.
Cell line
Time ( Consistent results have been seen in our previous studies. The pharmacokinetic studies showed that TFU is detectable some minutes after oral administration of atofluding [8] . In this study, however, atofluding was not detected in the required time period, the steady-state concentrations of TFU in blood (9.97 ± 0.7 mg/mL) were achieved 30 h after multiple administrations. TFU was subsequently slowly metabolized to release 5-FU. Though the subsequent steady-state concentrations of 5-FU were lower than those of TFU, the concentrations could remain for up to 50-52 h [15] , suggesting that TFU has good anti-tumor activities and low side effects. TFU would replace the unstable atofluding as the preparation. Sustained release of 5-FU from TFU is a catalytic procedure and enzymes are needed to mediate the bio-transformation [8] . In this study, liver microsomal enzymes promoted the activities of TFU, suggesting that the enzymes can mediate the metabolism.
However, the mechanism of the pathways is not known. Liver microsomal enzymes in a reaction mixture contain many forms of reductase and oxygenase [11, 12, 16, 17] . It is presumed that TFU might transform into 5-FU by hydrolyzing in the presence of NADPH-dependent reductase [18] . The activity of reductase is initiated by donating electrons from NADPH consumption [11, 12] . The bio-transformation slowly releases 5-FU into the blood to keep the relatively long steady-state concentrations. 5-FU is then converted to deoxynucleotide (5-FdUMP) mediated by phosphoribosyl transferase in tumor cells and competes with deoxyuridine monophosphate (dUMP) for thymidylate synthetase [19] [20] [21] [22] [23] . DNA synthesis decreases, thus leading to cell death. Liver microsomal enzyme assay is currently underway to analyze the metabolism of sustained release of 5-FU.
In conclusion, TFU inhibits the growth of gastric carcinoma cells by sustaining the release of 5-FU. Liver microsomal enzymes mediate this bio-transformation. Experiments on a broad-spectrum of cancer cell lines are in progress. 
